Poisonous heavy metals in air, water, and soil produce global environmental problems that are considerable threats to humankind. To meet the local and international guidelines for heavy metal release, companies often use different approaches, such as chemical precipitation, chelating agents, or activated carbon produced by adsorption. One of these heavy and toxic metals is chromium(VI). Chromium(VI) is commonly used in many applications, such as dye fixation in the textile industry or as an anticorrosive agent in paints. e aim of this paper is to explore the factors affecting the removal of one of these deadly heavy metals, chromium(VI), from aqueous solutions. For this purpose, activated carbon from Turkish Tunçbilek lignite is prepared with both chemical and physical activation methods to investigate the adsorption behavior of chromium(VI).
Introduction
Heavy metal pollution is one of the environmental problems in the world today. e mixing of heavy metals with soil and water is dangerous. Industrial and municipal wastewaters contain a variety of metal ions that can damage aquatic life and human health [1] [2] [3] [4] . Wastewater containing heavy metals derives from the chemical industry, metal coating facilities, mining facilities, cosmetics production, petrochemical applications, and cleaning product usage [2, 5] . Heavy metals can be removed from wastewater by chemical precipitation, membrane filtration, ion exchange, solvent extraction, and adsorption methods [3, 4, 6] . e adsorption method has been used for water and wastewater for a long time to remove color, odor, and organic contaminants [3, 7] . In comparison with the other methods, adsorption is the cheapest and most widely used process [8] . One of the most effective methods for removing organic and inorganic pollutants from industrial and urban wastes is liquid phase adsorption. On the other hand, activated carbon (AC) is an effective low-cost adsorbent. Physical and chemical sorption technologies have been used for many years to remove toxic metals from wastewater. In the literature, low-cost raw materials, such as leaf mold, peat moss, green algae, activated carbon fibers, coconut residues, rubber, wood, lignite, and rubber, have been studied [2, 3, [8] [9] [10] [11] [12] [13] [14] . However, the development of new, economical, and readily available effective absorbent materials is still necessary [15] .
Despite having lower adsorption capacities than synthetic ion exchange materials for the removal of heavy metal ions from wastewater, the use of low-rank grade coals is widespread due to their lower cost [16, 17] . Recently, the adsorption of metal ions on active carbon produced by lignite has been studied extensively [2, [17] [18] [19] [20] [21] [22] . Lignite is abundant in Turkey and contains low ash and high carbon contents; therefore, it is a good raw material for activated carbon. Activated carbon is a carbon-based material, with a high content of carbon, existing in a large reserve and presenting difficulties in its evaluation. It is easily understood that our country has significant potential in this regard. Lignite is fuel, and Turkey's reserves of lignite are sufficient. Today, the use of lignite for energy purposes, especially for heating, has decreased considerably. In the future, lignite consumption will continue to drop. erefore, the most efficient use of lignite reserves is essential. In this respect, lignite can represent an excellent raw material for the production of activated carbon and can be brought into the economy more efficiently. When we examine the characteristics of Tunçbilek lignite, the fixed carbon content is 55-70%, volatile matter content is 35-40%, density is 1-1.35 g/cm 3 , and ash content is 5-6%. Chromium is widely used in the metallurgy industry as ferrochrome, ferro-silico-chromium, chromium compounds, exothermic chromium additives, other major chromium alloys, and chromium metal and has applications such as electroplating, water cooling, pulp production, and ore refinement. Hexavalent chromium (chromium(VI)) is a toxic substance for both plants and animals and is known to be carcinogenic. erefore, chromium(VI) in wastewater must be regulated to below 0.1 mg/L by the U.S. EPA (see the web page of United States Environmental Protection Agency at http://www.epa.gov). In the Marmara Region, almost all of the surface waters are found to be polluted or very polluted as a result of the increase in the use of fertilizers and chemical drugs in the agricultural sector. ere is substantial organic matter pollution in Büyük Çekmece andİznik Lakes located in the Marmara Basin. On the other hand, high chromium loaded water threatens the basin [23] .
e purpose of this paper is to investigate the extent to which chromium(VI) ions are removed from aqueous solutions of activated carbon samples produced by physical and chemical activation methods using Tunçbilek lignite.
e adsorption study parameters, pH, temperature, and initial metal concentration, are investigated at various intervals. Langmuir and Freundlich adsorption isotherms are also used in the evaluation of the experimental data. e experimental tests are carried out according to a full 2 4 factorial design with center points where the factors chosen were active carbon type (physical or chemical), temperature, pH, and concentration. Similar research has been conducted for copper removal, as seen in the literature [24] . Regression analysis was applied to investigate the most effective factors among the examined parameters [24] . Regression analysis was also used in the study of cadmium ion adsorption [25] . A comparison with widely used empirical isotherms, such as Freundlich and Langmuir, is also given in order to confirm the validity and advantages of the obtained regression model. Additionally, experiments are conducted to indicate the capability of the active carbon samples obtained. For this purpose, the organic matter effect is investigated by adding sucrose to the adsorption medium. e above values are selected from the values currently used in the industry. e analysis of variance method (ANOVA) is used to examine whether the effect and the interaction between the examined factors were significant in relation to the experimental error [26] [27] [28] .
Materials and Experimental Method
e experimental design is used to analyze the effects of many process parameters. Its usage usually decreases the number of experiments, in addition to decreasing time and material resources. Furthermore, the experimental errors are minimized [26, 27] . It is known that a potential concern in the use of two-level factorial designs is the linearity assumption in the factor effects [29] . If there are unreplicated factorial design points in the experiment, one may use replicated "center points" to create a curvature effect. Although exact linearity is not needed and the experimental design will be valid when there is approximate linearity, it is usually better to use center point runs in the design if the researcher is at all uncertain about the order of the model that should be utilized [29] . In the present study, it is known that the relationship may be nonlinear and that curvature may be present; therefore, center points were consequently added to the design.
Experimental Procedure.
Chemically and physically activated carbon samples produced from Tunçbilek lignite are used in this study. e active carbon sample preparation method and the textural and chemical properties are given in [29] . Since there are two different types of activated carbon that may have differing absorbing capacities, it is concluded that active carbon type can be chosen as a factor in the experimental design.
e experimental conditions for the physical and chemical activation methods described are as follows:
(i) Physical activation process: CO 2 is used as activating gas in the production of physical activated carbon. e raw material was subjected to a thermal decomposition process at 1073 K with a heating rate of 30 K/min in a nitrogen gas environment. en, CO 2 gas was supplied to the environment at a rate of 1223 K at the same heating rate, and activation was carried out at this temperature for 3 hours.
(ii) Chemical activation process: e material to be activated with a zinc chloride solution prepared as 1/ 1 by mass ratio was mixed for 2 hours at a speed of 300 rpm. After stirring, the sample was incubated at 298 K for 18 hours and then filtered through filter paper to remove the solution. e sample containing a certain amount of zinc chloride was activated in an N 2 gas atmosphere for 2 hours at a temperature of 1073 K with a heating rate of 30 K/min. After chemical activation, the recovered product was washed with 0.5 N HCl solution to remove remaining zinc chloride. Subsequently, washing was continued with a large amount of hot distilled water to remove the HCl solution. e washed product was dried for 14 hours at 600 mmHg under vacuum at 343 K.
e results of short and elemental analysis of the initial raw materials and the active carbon samples produced from them are shown in Table 1 . When Table 1 is examined, it is seen that the amount of fixed carbon, which is essential for adsorption, increases with the physical activation process.
e batch adsorption experiments are performed in acidic medium (pH: 2.0-6.0), and the adsorption temperatures selected are 298, 308, and 323 K.
e initial chromium(VI) ion concentration is in the range of 25 mg/L to 1200 mg/L.
Mathematical Modeling.
e experiments are conducted as follows: the controllable factors and their levels are given in Table 2 . In addition, experimental runs and responses are given in Table 3 . After the initial analysis summarized in Figures 1 and 2 , it has been concluded that the most effective control parameters are B, C, D, and the interactions between B and C (BC) together with C and D (CD). is result actually indicated that active carbon type did not play a role as a factor in the current experimental conditions. In fact, when the results of the experiments are studied, it is clear that PAC and CAC activated carbon samples had similar surface functional groups [30] . Properties of activated carbon samples are analyzed, and it is observed that PAC and CAC samples were very similar to each other in terms of Fourier transform infrared spectroscopy (FTIR). erefore, it is concluded that adsorption was not affected by the activated carbon type [30] .
When active carbon samples are examined, it is noted that peaks are mostly collected in two ranges. ese range 700-1300 cm −1 and 1300-1900 cm
. Peaks in the range of 1000-1300 cm −1 can result from the ether and phenolic structures. Peaks in the range of 700-900 cm −1 in samples indicate aromatic C-H structures. It is clearly seen that PAC and CAC samples show great similarities in terms of surface functional groups. e peaks contained in the PAC sample between 2800 and 2980 cm −1 show that there are more aliphatic hydrogenated structures in the structure, and the peaks between 3000 and 3100 cm −1 contained in the CAC sample have more aromatic hydrogen structures in the structure (Figures 3 and 4) . Peaks in the range of 2700-3000 cm −1 in PAC-coded samples indicate the peaks of aliphatic CH, CH 2 , and CH 3 . In the PAC-coded samples, it was found that the peaks in the range of 900-1300 cm −1 could contain −C-O and −OH structures of alcohol, phenol, and carboxylic groups. Peaks in the range of 2700-3000 cm −1 in all CAC-coded samples indicate the peaks of aliphatic CH, CH 2 , and CH 3 . e peaks of 2000 ± 100 cm −1 in the PAC and CAC samples show the C≡O structure.
After the above analysis, a linear regression correlation between q e and the experimental parameters is developed using the Minitab 16 software [24] . e equations for both coded and uncoded units are given below:
e results and predicted values from equations (1) and (2) are tabulated in Tables 3 and 4. Table 4 provides the ANOVA results: these results indicate that the chosen parameters are indeed most effective and, additionally, that there is no curvature effect. In addition, R 2 is 99.14%, which indicates that the relationship is almost linear and that we have obtained a good fit.
According to the linear regression results, the initial chromium concentration coefficient is the highest among all of the coefficients. However, it has been observed that the pH of the activated carbon is adversely affected by chromium adsorption. As seen from the adsorption temperature coefficient, the chromium adsorption has also increased considerably with increasing temperature.
is linear regression analysis shows that the experimental results correspond to the analysis results.
Results and Discussion

Temperature Effect on Chromium(VI) Adsorption.
e effect of the temperature on chromium(VI) adsorption is investigated at temperatures of 298, 308, and 323 K. When the initial concentration of 1200 mg/L was examined, it was observed that the adsorption of chromium(VI) ions for both activated carbon samples increased with escalating adsorption temperature (Table 3) , i.e., from 20.593 to 22.964 mg/g AC and from 16.780 to 22.062 mg/g AC for PAC and CAC, respectively. Under the experimental conditions, it is seen that the amount of emitted chromium(VI) ions increases as temperature rises. is effect can especially be observed over 400 ppm concentration values.
e adsorption differences observed between PAC and CAC samples at lower temperatures decrease at higher temperatures [30] . is can also be seen in the main effects plot in Figure 5 .
e adsorbed amount of chromium(VI) ions depends on the chemical interaction between carbon surface groups and adsorbed ions.
e increase in the chemical interaction between the sorbate ions and the surface functions of the activated carbons also increases the intraparticle di usion of the sorbate ions via changing the amount of adsorption or the di usion rate, which are dependent on the porosity due to the e ect of temperature, as di usion is an endothermic process [31] . e increase in adsorption capacity due to temperature may arise either from the behavioral properties of surface groups corresponding with temperature or from the e ect of newly formed active sites at the surface due to the interaction of the di usion, which occurs between activated carbon and adsorbed ions at high temperatures [30] . 
Journal of Chemistry
Initial Concentration E ect on Chromium(VI)
Adsorption. e e ect of the initial concentration on chromium(VI) adsorption is investigated from 25 mg/L to 1200 mg/L. When the results of the experiment at 298 K were examined, the adsorbed amounts on PAC and CAC increased to 20.593 and 16.780 mg/g AC, respectively, from 0.840 to 0.724 mg/g AC with an increase in the initial chromium concentration from 25 mg/L to 1200 mg/L (Table 3). As seen from these results, the adsorption of metal ions is enhanced by increasing the initial ion concentration ( Figure 5 ). e di erence between the amount of adsorbed chromium(VI) ions on the activated carbon samples is due to the surface area and the total pore volume. e number of adsorbed ions detected on the activated carbon samples increased from that predicted by the initial concentration; this result arises because of the driving force of the initial metal concentration and the higher C 0 values, which, together, increased the rate of adsorption [30] .
pH E ect on Chromium(VI) Adsorption.
e e ect of pH on chromium(VI) adsorption is investigated from pH 2 to 6 at di erent adsorption temperature and initial concentrations. Upon changing the pH values of the solutions from 25 to 1200 mg/L at 298 K, the amount of chromium(VI) adsorbed on PAC and CAC decreased from 0.840 to 0.724 mg/g AC to 0.549 and 0.454 mg/g AC, respectively (Table 3 ). e reason for this reduction in adsorption capacity is thought to be that the adsorption sites occupy the anionic species, such as HCrO 4 − , CrO 4 −2 , and Cr 2 O 7 −2 , and delay the progression of these ions towards the sorbent surface [30] . It is clear from these results that the removal of chromium(VI) ions decreases upon increasing the pH of the solution [32] . is can also be observed in Figure 5 . 
where q e is the amount of solute adsorbed per unit weight of adsorbent in mg/g AC, C e is the equilibrium concentration of solute in the bulk solution in mg/L, K F is a constant indicative of the relative adsorption capacity of the adsorbent in mg/g AC, and 1/n is a constant indicative of the intensity of the adsorption [33, 34] . e log (C e ) graph plotted against log (q e ) shows K F and n values, which provide information on adsorption bond strength and bond distribution [32, 35] .
It is known that the larger the values of K F and 1/n are, the greater the adsorption capacity is [25, 31] . Values of n between 1 and 3 are usually favorable for chromium(VI) adsorption [36] . According to the n values, the type of adsorption is physical [37] .
e Langmuir equation, on the other hand, is given as below:
where Q 0 and b are the Langmuir constants determined from the slope and intercept of the plot, which is indicative of maximum adsorption capacity in mg/g of adsorbent and energy of adsorption, respectively [38, 39] . e graph of C e versus C e /q e provides the values of Q 0 and b using the slope and the intercept point. e b value indicates the adsorption energy, which is re ected by a rapid increase in adsorption at low concentrations of the adsorbate.
e results obtained with the application of Freundlich and Langmuir isotherms at pH 2.0 are given in Figures 6 and  7 . Correlation coe cients and related Freundlich and Langmuir parameters have been reported before [9, 25, 32] .
It can be seen from Figures 6 and 7 and Table 5 that the Freundlich model t the results well. In fact, this result was an expected one because many researchers indicate that nonlinear isotherm models are better than linear models for adsorption characteristics [40] .
On the other hand, the linear regression model developed in this paper, although linear, can predict the adsorption characteristics acceptably within the experimental conditions. To validate this, new experiments are conducted (Table 4) at the same temperatures, although with di erent ppm values, and the chi-square error is calculated according to the equation below:
In this equation, q em refers to the values calculated by the isotherm models.
e experimental and calculated values and related Freundlich and Langmuir parameters and their t performances are given in Table 5 .
Application
In this section, the chromium adsorption behavior of activated carbon in the presence of organic (such as sucrose) and inorganic substances is investigated. Because of the very di erent nature of the organic substances that can be used in industrial production environments and because of the practical limitations of their respective studies, the organic matter e ect is usually investigated by adding sucrose to the adsorption medium. Adsorption experiments were carried out in this study with the addition of a solution of sucrose containing heavy metals and other inorganic ions, so that the concentration of organic matter in the medium would be 50 mg/l, in order to be able to observe the e ect of the organic structures on the heavy metal ions under study. Inorganic structures and concentrations in this solution are Ca +2 (40 mg/l), Mg +2 (15 mg/l), Na + (37 mg/l), Cl − (58 mg/l), HCO 3 − (12 mg/l), and SO 4 −2 (60 mg/l). e results are shown comparatively in Figure 8 . As can be clearly seen, the presence of organic matter in the medium signi cantly reduces the holding capacity of the relevant heavy metal ion of the active carbon. is may be because organic constituents with large molecular structures block the pores in the adsorption result, adsorbing the organic materials more strongly on active surface groups which are sensitive to heavy metal ions and not allowing the adsorption of heavy metal ions. e magnitudes of these reductions in the presence of sucrose and additional inorganic material for Cr(VI) ion adsorption are 37-46% and 54-61% for the PAC sample and between 38-44% and 55-59% for the CAC sample, respectively.
It is possible that organic matter a ects adsorption positively, depending on the functional groups on the surface where it is adsorbed. For this reason, the adsorption of heavy metal ions on activated carbon should be investigated in detail in the presence of various organic substances.
Conclusion
In this study, active carbons with di erent textural and chemical properties were produced, and the chromium(VI) concentration, adsorption temperature, and pH e ects of these activated carbons were investigated. e results indicated that physical activated carbon obtained from Tunçbilek lignite is more e ective than chemical activated carbon for the removal of chromium(VI) from aqueous solutions.
e mineral matter structure contained in the activated carbon samples produced may a ect the uptake of chromium ions. It is clear that increasing the initial chromium(VI) concentration from 25 to 1200 mg/L also increases the adsorption capacity. e decreasing e ect of the solution pH is apparent. e adsorption capacity at 323 K represents the maximum level. Increased surface areas and total pore volumes of the samples were also found to increase chromium uptake. According to the results obtained from the statistical design technique, chromium adsorption is a ected di erently by parameters of temperature, pH, and initial chromium concentration. It can be seen that the predicted values from the regression model are in good agreement with the actual values from the experiments.
erefore, the accuracy of the model in predicting the q e values is established. It was also found from the adsorption isotherms that the chromium(VI) adsorption isotherms of activated carbons can be described by the Freundlich model, but the regression model provides a simpler and more 
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